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Introduction
The sustainability of water resources is under continued threat
from the challenges associated with a growing population,
competing demands, and a changing climate. Freshwater scar-
city has become a fact inmany areas.Much of the United States
surface-water supplies are fully apportioned for use; thus, in
some areas the only potential alternative freshwater source that
can provide needed quantities is groundwater. Although fre-
quently overlooked, groundwater serves as the principal re-
serve of freshwater in the US and represents much of the po-
tential supply during periods of drought.
Some nations have requirements to monitor and character-
ize the availability of groundwater such as the European
Union’s Water Framework Directive (EPCEU 2000). In the
US there is no such national requirement. Quantitative region-
al groundwater availability assessments, however, are essen-
tial to document the status and trends of groundwater avail-
ability for the US and make informed water-resource deci-
sions possible now and in the future.
Barthel (2014) highlighted that the value of regional ground-
water assessments goes well beyond just quantifying the re-
source so that it can be better managed. The tools and techniques
required to evaluate these unique regional systems advance the
science of hydrogeology and provide enhanced methods that
can benefit local-scale groundwater investigations. In addition,
a significant, yet under-utilized benefit is the digital spatial and
temporal data sets routinely generated as part of these studies.
Even though there is no legal or regulatory requirement for
regional groundwater assessments in the US, there is a logical
basis for their implementation.
The purpose of this essay is to articulate the rationale for
and reaffirm the value of regional groundwater assessments
primarily in the US; however, the arguments hold for all na-
tions. The importance of the data sets and the methods and
model development that occur as part of these assessments is
stressed. These high-value data sets and models should be
available in readily accessible formats for use today and in
the future. Examples of advances in and accomplishments of
two regional groundwater assessments are presented to dem-
onstrate their function, relevance, and value for determining
the sustainability of the groundwater resources of the US.
Groundwater availability: an issue of scale
Identifying sustainable water supplies to meet the water de-
mands of the US is a worthwhile goal. However, what is the
appropriate scale of investigation? In the US, water decisions
generally are made at the local level and typically are not based
on a comprehensive holistic analysis of the entire aquifer sys-
tem supplying the water resource. It is understood that local
groundwater availability is a function of regional processes as
well as local processes. However, water agencies at various
levels of government necessarily focus on the local groundwa-
ter resources within their jurisdiction. Yet changes in the aquifer
that occur beyond local and state political boundaries can affect
groundwater availability at the local scale. Therefore, there is a
genuine need for a systematic and comprehensive strategy to
provide technical information and tools over larger areas that
will provide context for the difficult decisions of what water is
available at local scales, today and in the future.
At present, information pertaining to the US’s groundwater
resources is not available in consistent spatial and temporal
scales across the country. The large US land area and the
three-dimensional (3D) nature of the geology and groundwater
systems makes that difficult. Additionally, the response times
of regional groundwater systems are long and the consequences
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of pumping may not be understood until after it happens and,
once detected, the consequences may be irreversible (e.g.
Bredehoeft and Durbin 2009). There is a pragmatic need to
quantify groundwater availability through a deterministic sys-
tems analysis approach that relates cause and effect at the spa-
tial and temporal scale of the hydrologic drivers. Within the US
and elsewhere, most water management plans are surface water
(watershed) centric. For understanding groundwater, a regional
groundwater system delineated by clearly defined hydrogeologic
boundaries is a useful scale upon which to base this quantitative
systems analysis. The areal and vertical location of regional aqui-
fers is fundamental to the determination of groundwater
availability.
The principal aquifers of the US are identified and described
in the “Ground Water Atlas of the United States” (Miller 2000)
and shown on a two-dimensional (2D) map representation
(Fig. 1; USGS 2003). The identification of these principal aqui-
fers affords a broad understanding of where water-bearing for-
mations are in the US and provides a framework to classify and
study regional groundwater systems. These naturally bounded
regional aquifer systems can then be assessed using actual
physical hydrologic boundaries, which minimizes many of
the assumptions required to analyze groundwater in unbounded
local areas. Results from these regional assessments can be
scaled up to a national synthesis and scaled down to provide
information relevant to issues of local concern.
A quantitative regional assessment is the analysis of a bounded
regional groundwater system using numerical models to estimate
and better understand the components of the hydrologic system.
These components form a water budget that can be used to aid
management of the resource. A numerical model provides a
workable platform to incorporate the appropriate level of aquifer
complexity. Their use serves two purposes: the relevant hydro-
logic processes are represented in a holistic manner, and the stress
and response of the system are representedmathematically, which
enables forecasting the response of future changes in the hydro-
logic system. The complexity and sophistication of themodelwill
depend on the current level of understanding of the groundwater
system and the key issue to be addressed. Thus, numerical sim-
ulations may range from simple exploratory models to complex
models representing fully coupled hydrological processes.
Value of quantitative regional groundwater
assessments
In the US and elsewhere, there is clear evidence of areas un-
dergoing depletion of this natural resource (Konikow 2013).
Some depletion is expected with any use of the resource; how-
ever, substantial continuing depletion may be an indicator of
unsustainable use of the resource. Regional quantitative assess-
ments are requisite to understand the magnitude and the relative
seriousness of any depletion beyond the local scale.
Global stresses such as climate variability (particularly
drought) and change suggest that the entire regional ground-
water system be analyzed, quantified, and understood because
the stress cannot be isolated to specific subsystems or political
jurisdictions. The response of the entire system will dictate
how local organizations should respond to estimated changes
in the water-resources system or its effect on other parts of the
system. Thus, understanding the sources of water and internal
flow systems of regional aquifers is important to the develop-
ment of an effective resource management policy.
In the US, there is much information available at the regional
and national scales on different components of the hydrologic
system. For example, a recent major advancement is the use of
the GRACE (the Gravity Recovery and Climate Experiment)
satellite system (Famiglietti and Rodell 2013) to estimate chang-
es in groundwater storage from changes in gravity over time.
Maps of other key hydrologic budget components such as
Fig. 1 Principal aquifers of the
United States (for simplicity the
sand and gravel aquifers located
in glacial deposits distributed
across the northern continental
US are not shown) (USGS 2003).
Visit USGS (2015b) for more in-
formation on regional groundwa-
ter availability studies
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groundwater recharge (Wolock 2003) and evapotranspiration for
the conterminous US (Sanford and Selnick 2013), are useful in
putting the national groundwater system in perspective. These
continental-scale products do not, however, address all the spatial
and temporal variability of the water-budget components for a
specific aquifer that need to be quantified for management of the
resource, nor can they forecast future conditions. Regional nu-
merical models are effective means to provide that quantitative
analysis and create the link between the local and national scale.
Numerous sub-regional and regional groundwater investiga-
tions have been conducted in the US by various local, state, and
federal entities (e.g. Rossman and Zlotnik 2013 and Sun and
Johnston 1994). On a national scale, the US has a broad knowl-
edge of the country’s groundwater resources (Reilly et al. 2008);
however, this knowledge can be improvedwith the application of
new technologies and use of the latest information as groundwa-
ter systems change.
In principal aquifers where assessments have been previ-
ously conducted using numerical models, future assessments
can either update the available model with current water use or
revise the basic model design to take advantage of new infor-
mation and new modeling techniques. In principal, aquifers
that have not previously been modeled, the development of a
modeling tool will serve the current assessment as well as
form the foundation for future assessments as data (on hydro-
geology, water use, land use, climate, etc.) and improved
modeling techniques become available.
Quantitative regional groundwater systems analyses should
estimate current conditions and trends in groundwater use, stor-
age, recharge, and discharge making it possible to develop
groundwater budgets leading to a greater understanding of the
complete aquifer system. Once the effect of groundwater use and
development are quantified, water managers can make informed
decisions on the best use of the resource. For example, there are
two recent assessments in the US that demonstrate the benefits of
quantitative understanding of regional groundwater systems:
1. The US Bureau of Reclamation along with the California
Department of Water Resources and a number of water dis-
tricts use theCentralValleyHydrologicModel (CVHM) tool
(Faunt 2009) and information developed as part of the re-
gional groundwater assessments to better understand how
water moves through the aquifer system, predict water-
supply scenarios, analyze subsidence, and address issues
related to the conjunctive use of water in California. The
CVHM is being updated with relevant information to assess
and forecast how the current (2013–2015) California
drought on top of the recent drought (2006–2009) will affect
hydrologic conditions and subsidence in the Central Valley.
2. An increased understanding of the Mississippi Embayment
Regional Aquifer System (MERAS) through the use of a
numerical model (Clark and Hart 2009) helped document
the effects of human activities and climate variability on
groundwater levels, depletion, storage, and interaction with
surface water. This helped water managers to develop the
Arkansas State Water Plan (Arkansas Natural Resources
Commission 2014).
Other benefits from the development of regional modeling
tools include the refinement of spatial and temporal estimates
of geologic, hydrologic, climatic, and human-influenced vari-
ables within the principal aquifer systems. For example, digital
spatial and temporal data produced from the characterization of
principal and major aquifer systems by the US Geological Sur-
vey (USGS) are provided online as open data in easily accessible
formats (USGS 2015a). Regional models also should be routine-
ly preserved and archived for use by interested parties. As an
example, all regional numerical models developed by USGS
are published, archived, and freely available upon request. All
scientists should be encouraged to take the same approach given
the advent of open data policies in many scientific journals.
Recent USGS regional groundwater-availability-assessment
activities (Fig. 1) have led to improvements and innovations in
process-oriented groundwater science as called for by Barthel
(2014). Application, testing, and development of modeling tools
and techniques such as the local grid refinement (Mehl and Hill
2007) and the unstructured grid approach for MODFLOW
(Panday et al. 2013) are examples of advancements that stem
from a need to examine the resource at a variety of scales. Tech-
niques to estimate spatial and temporal variability in recharge
(Westenbroek et al. 2010), determination of actual evapotranspi-
ration using remotely sensed data (Stanton et al. 2011), and the
development of the Farm Process (Schmid et al. 2006) used to
simulate conjunctive use of surface water and groundwater for
irrigated agriculture, are also results that have evolved from re-
gional groundwater availability assessments. These advance-
ments are transferable and improve hydrologic science that can
be used to analyze groundwater systems at any scale.
Summary and perspective
Around the world (WWAP 2015, p. 12) and as indicated by
the European Union Water Framework Directive, there is a
need to quantify the world’s groundwater resource and im-
prove the methods available for its assessment. This is espe-
cially important at this time for the US, given the documented
occurrence of groundwater depletion and climate variability
(drought) and change. Although some regional aquifers are
well characterized, much remains to be accomplished in the
assessment of the groundwater resources of the US.
Analyzing entire groundwater systems that are delineated by
physical hydrologic boundaries and are continuous across polit-
ical boundaries has practical advantages in that a regional analy-
sis removes many of the assumptions and constraints that can
affect local analysis. Local water managers are necessarily
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focusing at different spatial and temporal scales than what is
required to address aquifer sustainability. Regional analyses,
however, can address aquifer sustainability by taking into ac-
count known hydrologic boundaries, observed data, andmultiple
stresses in a straightforward, holistic manner. Furthermore, re-
gional assessments can advance the state-of-knowledge of large
groundwater systems, aid in their management, and incremental-
ly improve the science of hydrology. Numerical modeling is
particularly helpful in hypothesis testing over large spatial and
temporal scales to aid in the identification of the driving param-
eters and processes that control groundwater system response.
Local governments and related water agencies are responsible
for management of their resources, but that management should
be done with an awareness of the regional system. Higher levels
of government should take a regional perspective and by some
means (guidelines, regulations, funding, research) encourage lo-
cal water agencies to make decisions within that broader context.
Our role as hydrogeologists is to facilitate this awareness by
advancing the understanding of the regional groundwater system,
quantifying the response of the groundwater system using the
latest tools available, advancing the methods of study, and advo-
cating for science-based water management.
As the water availability in regional systems is evaluated and
quantified, the conceptual understanding and the results of the
numerical models should be made available to all interested
parties so future work can more easily build upon previous work.
This can be accomplished through publication of study results and
free access to archived model input and supporting data sets and
the numerical models themselves, whether by the federal govern-
ment, academia, or other non-governmental organizations. Given
this potential of free exchange of aquifer information, it should be
possible to begin to synthesize the responses observed in similar
systems to aid in extrapolation to other related systems in areas
not previously studied. Ideally, it would be cost effective andmost
efficient to maintain these regional numerical modeling tools to
reassess groundwater availability as water use, land use, climatic
conditions, and societal perspectives change through time.
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